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1. INTRODUCTION
, –R 2
:
$\partial_{t}^{2}u^{i}-\Delta u^{:}=B^{:}$ (Du, Du) in $[-T, T]\cross \mathbb{R}^{n}$ , (1.1)
$u^{:}(0, x)=f^{:}(x),$ $\partial_{t}u^{:}(0, x)=g^{:}(x)$ . (1.2)
, $u=(u^{1}, u^{2}, \cdots, u^{N})$ , $T>0,1\leq i\leq N,$ $D=(\partial_{t}, \nabla_{x}),$ $n\geq 2$
, $B(\cdot, \cdot)$ 2 . , $f\in H^{s}(\mathbb{R}^{n}),$ $g\in H^{s-1}(\mathbb{R}^{n})$ . ,
$H^{s}(\mathbb{R}^{n})(s\in \mathbb{R})$ $\mathbb{R}^{n}$ $L^{2}$ .
, $s>(n/2)+1$ $H^{s}\oplus H^{s-1}$
, . , Strichartz
estimates , $s$ (
, [4] $)$ :
$s\geq(n+1)/2$ $(n\geq 4)$ , $s>2$ $(n=3)$ , $s>7/4$ $(n=2)$ .
, [3] , –\Re ,
.
, , , $s$
. ,
$B^{i}$ (Du, Du) $=$ $\sum_{j,k=1}^{N}b_{j,k}^{i}Q_{0}(u^{j}, u^{k})$ ( $b_{j,k}|$
.
)
$Q_{0}(\varphi, \psi)$ $=$ $-\mathrm{a}\varphi\partial_{t}\psi+\nabla\phi\cdot\nabla\psi$ (1.3)
, $n\geq 3$ 1/2, $n=2$ 3/4 , $s$ .
, $Q_{0}(\varphi, \psi)$ “null $f\sigma rm$” , “null $f\sigma rm$”
“Null ” .
Null . ,
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. , $u\ovalbox{\tt\small REJECT}(u^{1},$ $u^{2},$ $\cdots$ , u , $T>0$
,
$\partial_{t}^{2}u^{i}-\triangle u^{i}+\sum_{j,k=1}^{N}\Gamma_{j,k}^{i}(u)Q_{0}(u^{j}, u^{k})=0$ in $[-T, T]\cross \mathbb{R}^{2}$ , (1.4)
$u^{i}(0, x)=f^{i}(x),$ $\partial_{t}u^{i}(0, x)=g^{i}(x)$ . (1.5)
, . , $1\leq i\leq N$ , $\Gamma_{j,k}^{i}(u)$
, . ,
$F=(F^{1}, F^{2}, \cdots, F^{N})$ , $F^{i}=F^{i}(u, Du)=- \sum_{j,k=1}^{N}\Gamma_{j,k}^{i}(u)Q_{0}(u^{j},u^{k})$
, (1.4)-(1.5) :
$\partial_{t}^{2}u-\triangle u=F$ ($u$ , Du) in $[-T, T]\cross \mathbb{R}^{2}$ , (1.6)
$u(0, x)=f(x),$ $\partial_{t}u(0, x)=g(x)$ . (1.7)
Notations. , $\mathcal{F}_{x}[f](\xi),$ $\mathcal{F}_{t}[g](\tau),$ $\mathcal{F}_{t,x}[h](\tau, \xi)$ , $f(x)\in S(\mathbb{R}^{n}),$ $g(t)\in S(\mathbb{R})$ ,
$h(t, x)\in S(\mathbb{R}^{1+n})$ ,
$\mathcal{F}_{x}[f](\xi)=\int \mathrm{e}^{-\mathrm{i}x\xi}f(x)dx$ $(\mathrm{i}=\sqrt{-1})$
. , $\hat{f}(\xi),\hat{g}(\tau),\tilde{h}(\tau, \xi)$ .
, $\lambda\in \mathbb{R}^{n}$ , $\langle\lambda\rangle=\sqrt{1+|\lambda|^{2}}$ ,
$w_{\pm}(\tau, \xi)=\langle|\tau|+|\xi|\rangle$ for $(\tau, \xi)\in \mathbb{R}^{1+n}$
. , $s\in \mathbb{R},$ $x>0$ ,
$x^{[s]}=x^{s+\epsilon}$ $(\epsilon>0)$ (1.8)
. , $u\in S(\mathbb{R}^{1+n})$ ,
$||u||_{H^{[s.\delta]}}=||w_{+}^{[s]}w_{-}^{[\delta]}\mathcal{F}_{t,x}[u]||_{2}$
. , $L^{2}(\mathbb{R}^{1+n})$ $||\cdot||_{2}$ . , $H^{[s,\delta]}(s, \delta\in \mathbb{R})$
$S(\mathbb{R}^{1+n})$ $||\cdot||_{H[s,\delta]}$ .
, $\omega=\sqrt{-\Delta}$ , , $\omega f(x)=\mathcal{F}_{x}^{-1}$ [ $|\xi|\mathrm{F}_{x}$ [f]](\rightarrow . R ,
$g$ : $\mathbb{R}arrow \mathbb{C}$
$(g(\omega)f)(x):=\mathcal{F}^{-1}(g(|\xi|)\hat{f}(\xi))(x)$ $(x\in \mathbb{R}^{n})$
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2. FORMULATION
(1.6)-(1.7)
$u(t, x)=u_{0}(t, x)+L$ [$F(u$ , Du)](t, $x$) in $[-T, T]\mathrm{x}\mathbb{R}^{2}$ , (2.1)
$\sin t\omega$
$u_{0}(t, x)=(\cos t\omega)f(x)+\overline{\omega}g(x)$ , (2.2)
$L[F](t, x)= \int_{0}^{t}\frac{\sin(t-t)\omega}{\omega}F(t’, x)dt’$ (2.3)
. (2.1)
,
$u(t, x)=\chi(t)(u_{0}(t, x)+L$ [$F(u$ , Du)](t, $x$) $)$ in $\mathbb{R}\cross \mathbb{R}^{2}$ , (2.4)
$H^{[\sigma,\frac{1}{2}]}(\sigma\geq 0)$ . , $\chi\in C_{0}^{\infty}(\mathbb{R})$ ,
$\chi(t)=\{$
1for $|t|\leq 1$
0for $|t|\geq 2$
. , (2.4) , (2.1) [-1,1] $\cross \mathbb{R}^{2}$ .
.
Theorem 21. ([2] Theorem 1) $\Gamma_{j,k}^{\dot{l}}(u)$ $u$ . $f\in H^{s}(\mathbb{R}^{2})$ ,
$g\in H^{s-1}(\mathbb{R}^{2})$ , $s>1$ , $T_{0}$ , $[-T_{0}, T_{0}]\mathrm{x}\mathbb{R}^{2}$
, (1.6)-(1.7)
$(u(t),\partial u(t))\in C(R:H^{s}(\mathbb{R}^{2}))\cap C^{1}(R:H^{s-1}(\mathbb{R}^{2}))$
.
, Theorem 2.1 Proposition 2.1 .
Step 1:
Lemma 2.1. $s>1$ , $f\in H^{\theta}(\mathbb{R}^{2}),$ $g\in H^{s-1}(\mathbb{R}^{2})$ . , (2.2)
$u\mathrm{o}(t, x)$ $1\leq\sigma<s$ $\sigma$ :
$||\chi u_{0}||_{H^{[\sigma.\int]}}\leq C(||f||_{H\cdot(\mathrm{R}^{2})}+||g||_{H^{*-1}(\mathrm{R}^{2})})$ . (2.5)
, $C$ $s,$ $\sigma,$ $\chi$ , (1.8) $0<\epsilon\leq s-\sigma$ $\epsilon$ .
Proof- $f\equiv 0$ . , (2.2)
$\mathcal{F}_{x}[u_{0}](t,\xi)=\frac{\sin t|\xi|}{|\xi|}\hat{g}(\xi)=\frac{\mathrm{e}^{\mathrm{i}t|\xi|}-\mathrm{e}^{-\mathrm{i}t|\xi|}}{2\mathrm{i}|\xi|}\hat{g}(\xi)$ (2.6)
$\overline{\chi u_{0}}(\tau,\xi)=\frac{\hat{\chi}(\tau-|\xi|)-\hat{\chi}(\tau+|\xi|)}{2\mathrm{i}|\xi|}\hat{g}(\xi)$ (2.7)
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. $\chi\in C_{0}^{\infty}(\mathbb{R})$ , $j,$ $N$ ,
$|( \frac{d}{d\tau})^{j}\hat{\chi}(\tau)|\leq C\langle\tau\rangle^{-N}$ (2.8)
.
Case 1. $|\xi|\geq 1$
(2.7), (2.8)
$|\overline{\chi u_{0}}(\tau, \xi)|\leq C\langle\xi\rangle^{-1}\langle|\tau|-|\xi|\rangle^{-N}|\hat{g}(\xi)|$
. $-:F$, $|\xi|$ $|\tau|$ ,
$w_{+}^{[\sigma]}(\tau, \xi)\leq C\langle\xi\rangle^{s}(w_{-}(\tau, \xi))^{\sigma+\epsilon}$
.
$|w_{+}^{[\sigma]}(\tau, \xi)w_{-}^{[\frac{1}{2}]}(\tau, \xi)\overline{\chi u_{0}}(\tau, \xi)|\leq C\langle\xi\rangle^{s-1}\langle|\tau|-|\xi|\rangle^{-N+\sigma+\frac{1}{2}+2\epsilon}|\hat{g}(\xi)|$ (2.9)
.
Case 2. $|\xi|\leq 1$
$\hat{\chi}(\tau+|\xi|)-\hat{\chi}(\tau-|\xi|)=|\xi|\int_{-1}^{1}(\frac{d\hat{\chi}}{d\tau})(\tau+\theta|\xi|)d\theta$ (2.10)
, $|\xi|\leq 1$ , (2.8)
$|\hat{\chi}(\tau-|\xi|)-\hat{\chi}(\tau+|\xi|)|\leq C|\xi|\langle\tau\rangle^{-N}$ (2.11)
$w_{+}^{1^{\sigma}\mathrm{I}}(\tau, \xi)w_{-}^{[\frac{1}{2}]}(\tau, \xi)\leq C\langle\tau\rangle^{\sigma+\frac{1}{2}+2\epsilon}$
. , (2.7) $s>1$ , (2.9) .
, $N$ $N>\sigma+1+2\epsilon$ ,
||\chi u0||H[ ] $\leq C||g||_{H^{s-1}(\mathrm{R}^{2})}$
.
Step 2:
Lemma 22. $\sigma\geq 1$ , (2.3) $L[F](t, x)$ :
$||\chi L[F]||_{H^{1^{1}}}\sigma,2]\leq C||F||_{H^{[\sigma-1,-_{2}^{1}]}}$ . (2.12)
, $C$ $\sigma,$ $\chi$ .
Proof- ,
$\mathcal{F}_{t,x}[\chi L[F]](\tau, \xi)=\int K(\tau, \tau’, \xi)\tilde{F}(\tau’, \xi)d\tau’$ , (2.13)
$K( \tau, \tau’, \xi)=\frac{1}{4\pi|\xi|}(\frac{\hat{\chi}(\tau-\tau’)-\hat{\chi}(\tau+|\xi|)}{\tau+^{(}|\xi|},-\frac{\hat{\chi}(\tau-\tau’)-\hat{\chi}(\tau-|\xi|)}{\tau-|\xi|},)\cdot(2.14)$
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(2.3), (2.6)
$\mathcal{F}_{x}[L[F]](t, \xi)$ $=$ $\int_{0}^{t}\frac{\mathrm{e}^{\mathrm{i}(t-t’)|\xi|}-\mathrm{e}^{-\mathrm{i}(t-t’)|\xi|}}{2\mathrm{i}|\xi|}\mathcal{F}_{x}[F](t’, \xi)dt’$
$=$ $\frac{\mathrm{e}^{\mathrm{i}t|\xi|}}{2\mathrm{i}|\xi|}\int_{0}^{t}\mathcal{F}_{x}[G_{-}](t’,\xi)dt’-\frac{\mathrm{e}^{-\mathrm{i}t|\xi|}}{2\mathrm{i}|\xi|}\int_{0}^{t}\mathcal{F}_{x}[G_{+}](t’, \xi)dt’$
. ,
$\mathcal{F}_{x}[G_{\pm}](t’, \xi)=\mathrm{e}^{\pm \mathrm{i}t’|\xi|}\mathcal{F}_{x}[F](t’, \xi)$
. -\Re
$0tg(t’)dt’= \frac{1}{2\pi \mathrm{i}}\int(\mathrm{e}^{\mathrm{i}\tau’t}-1)\hat{g}(\tau’)\frac{d\tau’}{\tau}$, (2.15)
,
$0t\mathcal{F}_{x}[G_{\pm}](t’, \xi)dt’$ $=$ $\frac{1}{2\pi \mathrm{i}}\int(\mathrm{e}^{\mathrm{i}\tau’t}-1)\mathcal{F}_{t,x}[G_{\pm}](\tau’, \xi)\frac{d\tau’}{\tau}$,
$=$ $\frac{1}{2\pi \mathrm{i}}\int(\mathrm{e}^{\mathrm{i}\tau’t}-1)\tilde{F}(\tau’\mp|\xi|, \xi)\frac{d\tau’}{\tau}$,
. ,
$4\pi|\xi|\mathcal{F}_{t,x}[\chi L[F]](\tau, \xi)$ $=$ $\int \mathrm{e}^{-\mathrm{i}\tau t}\chi(t)(\mathrm{e}^{-\mathrm{i}t|\xi|}\int(\mathrm{e}^{\mathrm{i}\tau’t}-1)\tilde{F}(\tau’-|\xi|,\xi)\frac{d\tau’}{\tau}$,
$- \mathrm{e}^{\mathrm{i}t|\xi|}\int(\mathrm{e}^{\mathrm{i}\tau’t}-1)\overline{F}(\tau’+|\xi|,\xi)\frac{d\tau’}{\tau},)dt$
$=$ $\int((\hat{\chi}(\tau+|\xi|-\tau’)-\hat{\chi}(\tau+|\xi|))\tilde{F}(\tau’-|\xi|,\xi)$
$-( \hat{\chi}(\tau-|\xi|-\tau’)-\hat{\chi}(\tau-|\xi|))\tilde{F}(\tau’+|\xi|, \xi))\frac{d\tau’}{\tau}$,
, (2.13) .
, $K.(\tau, \tau’, \xi)$ $N$
$|K( \tau, \tau’,\xi)|\leq\frac{C}{\langle|\tau’|+|\xi|\rangle\langle|\tau’|-|\xi|\rangle\langle\tau-\tau’\rangle^{N}}+\frac{C}{\langle\xi\rangle\langle|\tau’|-|\xi|\rangle\langle|\tau|-|\xi|\rangle^{N}}$ . (2.16)
Case1. $|\xi|\geq 1,$ $|\tau’|\geq 2$
Case l-a. $|\tau’-|\xi||\geq 1$ $|\tau’+|\xi||\geq 1$
, (2.14)
$4\pi|\xi|(|\tau’|^{2}-|\xi|^{2})K(\tau, \tau’, \xi)$ (2.17)
$=$ $2|\xi|\hat{\chi}(\tau-\tau’)+|\xi|(\hat{\chi}(\tau+|\xi|)-\hat{\chi}(\tau-|\xi|))-\tau’(\hat{\chi}(\tau+|\xi|)-\hat{\chi}(\tau-|\xi|))$
. , (2.8) , (2.16) .
Case l-b. $|\tau’-|\xi||\leq 1$ $|\tau’+|\xi||\leq 1$
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, $||\tau’|-|\xi||\leq 1$ ,
$|K(\tau, \tau’, \xi)|\leq C|\xi|^{-1}\langle|\tau|-|\xi|\rangle^{-N}$ (2.18)
(2.16) .
, $|\tau’-|\xi||\leq 1$ . , $|\tau’|\geq 2$
$|\tau’+|\xi||\geq 1$ . , $\tau-\tau’$ $\tau-|\xi|$ , (2.8)
$| \frac{\hat{\chi}(\tau-\tau’)-\hat{\chi}(\tau+|\xi|)}{\tau+|\xi|},|\leq C(\langle\tau-|\xi|\rangle^{-N}+\langle\tau+|\xi|)^{-}\ovalbox{\tt\small REJECT}$
. ,
$\hat{\chi}(\tau-\tau’)-\hat{\chi}(\tau\pm|\xi|)=-(\tau’\pm|\xi|)\int_{0}^{1}(\frac{d\hat{\chi}}{d\tau})(\tau\pm|\xi|-\theta(\tau’\pm|\xi|))d\theta$ (2.19)
, (2.8)
$| \frac{\hat{\chi}(\tau-\tau’)-\hat{\chi}(\tau-|\xi|)}{\tau-|\xi|},|\leq C\langle\tau-|\xi|\rangle^{-N}$
. , (2.14) (2.18) .
Case 2. $|\xi|\leq 1,$ $|\tau’|\geq 2$
(2.17) 3
$\hat{\chi}(\tau+|\xi|)-\hat{\chi}(\tau-|\xi|)=|\xi|\int_{-1}^{1}(\frac{d\hat{\chi}}{d\tau})(\tau+\theta|\xi|)d\theta$
, (2.8)
$|K(\tau, \tau’, \xi)|\leq C|\tau’|^{-2}(\langle\tau-\tau’\rangle^{-N}+\langle\tau\rangle^{-N}+|\tau’|\langle\tau-\tau’)^{-}\ovalbox{\tt\small REJECT}$
, (2.16) .
Case 3. $|\xi|\leq 1,$ $|\tau’|\leq 2$
(2.19) ,
$K( \tau, \tau’, \xi)=\frac{-1}{4\pi}\int_{-1}^{1}(\frac{d^{2}\hat{\chi}}{d\tau^{2}})(\tau-\theta\tau’+\rho(1-\theta)|\xi|)d.\theta d\rho$
, (2.8)
$|K(\tau, \tau’, \xi)|\leq C\langle\tau\rangle^{-N}$
, (2.16) .
, (2.12) .
$f(\tau’, \xi)=w_{+}^{[\sigma-1]}(\tau’, \xi)w_{-}^{[-1}(\tau’, \xi)|\overline{F}(\tau’, \xi)|$
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(2.20)
, (2.13), (2.16)
$|\mathcal{F}_{t,x}[\chi L[F]](\tau, \xi)|$ $\leq$ $C \int(\frac{1}{w_{+}^{[\sigma]}(\tau’,\xi)w_{-}^{1\frac{1}{2}1}(\tau’,\xi)\langle\tau-\tau’\rangle^{N}}$
$+ \frac{1}{\langle\xi\rangle w_{+}^{[\sigma-1]}(\tau’,\xi)w_{-}^{[\frac{1}{2}]}(\tau’,\xi)(w_{-}(\tau,\xi))^{N}})f(\tau’, \xi)d\tau’$
. $-\text{ }$ ,
$w_{-}(\tau,\xi)\leq Cw_{-}(\tau’, \xi)\langle\tau-\tau’\rangle$
, $|\xi|$ $|\tau|$ ,
$w_{+}^{[\sigma]}(\tau, \xi)w_{-}^{[\frac{1}{2}]}(\tau,\xi)$
$\leq$
$Cw_{+}^{[\sigma]}(\tau’, \xi)w_{-}^{[\frac{1}{2}]}(\tau’, \xi)\langle\tau-\tau’\rangle^{\sigma+\frac{1}{2}+2\epsilon}$ ,
$w_{+}^{[\sigma]}(\tau, \xi)w_{-}^{[\frac{1}{2}1}(\tau, \xi)$
$\leq$
$C(\xi)w_{+}^{[\sigma-1]}(\tau’, \xi)w_{-}^{[\sigma+\frac{1}{2}]}(\tau, \xi)$
. , $N$ $N> \sigma+\frac{3}{2}+2\epsilon$ . , (2.20)
$w_{+}^{[\sigma]}(\tau, \xi)w_{-}^{1\frac{1}{2}1}(\tau,\xi)$ ,
$|w_{+}^{[\sigma]}(\tau,\xi)w_{-}^{[\frac{1}{2}]}(\tau, \xi)\mathcal{F}_{t,x}[\chi L[F]](\tau,\xi)|$ (2.21)
$\leq$ $C \int(\frac{1}{\langle\tau-\tau’\rangle^{N-(\sigma+\frac{1}{2}+2\epsilon)}}+\frac{1}{(w_{-}(\tau’,\xi))^{\frac{1}{2}+\epsilon}(w_{-}(\tau,\xi))^{N-(\sigma+\frac{1}{2}+\epsilon)}})f(\tau’, \xi)d\tau’$
$\leq$ $C((\langle\cdot\rangle^{-N+\sigma+\frac{1}{2}+2\epsilon}*f(\cdot, \xi))(\tau)+(w_{-}(\tau, \xi))^{-N+\sigma+\frac{1}{2}+\epsilon}||f(\cdot, \xi)||_{2})$
. , $(\tau, \xi)$ $L^{2}$- , ,
$||\chi L[F]$ IIHI,, $\leq C||f||_{2}=C||F||_{H^{[\sigma-1.-\int]}}$
.
Lemma 2.2 , .
Lemma 2.3. $1\leq\sigma<s$ ,
$u(t,$ $x)=\chi(t)$ 0 $(t,$ $x)+L[F](t,$ $x))$ in $\mathbb{R}\cross \mathbb{R}^{2}$
$u$
$||u(t)||_{H^{s}(\mathrm{R}^{2})}+||\partial_{t}u(t)||_{H^{s-1}(\mathrm{R}^{2})}\leq C(||f||_{H(\mathrm{R}^{2})}.+||g||_{H(\mathrm{R}^{2})}.-1+||F||_{H^{[\sigma-1.-_{2}^{1}]}})$ (2.22)
. , $C$ $s,$ $\sigma,$ $\chi$ , (1.8) $\epsilon=s-\sigma$ .
Proof- $\chi(t)u_{0}(t, x)$ . , $\chi(t)L[F](t, x)$
,
$4 \pi|\xi|\mathcal{F}_{x}[L[F]](t,\xi)=\int(,\frac{\mathrm{e}^{\mathrm{i}\rho t}-\mathrm{e}^{-\mathrm{i}t|\xi|}}{\tau+|\xi|}-,\frac{\mathrm{e}^{\mathrm{i}\rho t}-\mathrm{e}^{-\mathrm{i}t|\xi|}}{\tau-|\xi|})\tilde{F}(\tau’, \xi)d\tau’$
,
$w_{+}^{[\sigma-1]}(\tau’,\xi)=(w_{+}(\tau’, \xi))^{s-1}$
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$l\mathrm{Z}\backslash \grave{l}\mathrm{f}\prime \mathrm{u}^{\backslash }\mathrm{g}\not\supset^{-}\backslash n\ovalbox{\tt\small REJECT} \mathrm{f}^{\grave{\backslash }},$ Lemma 2.2. $\sigma\supset\overline{\mathrm{r}}--arrow \mathrm{p}\mathrm{B}fl\mathrm{f}:\overline{\mathbb{E}}\prod 1\ovalbox{\tt\small REJECT}^{\vee}.C^{\backslash }\backslash b$. $\square$
Step 3:
Proposition 2.1. ([2] Theorem 2) (1.3) $Q_{0}(\phi, \psi)(t, x)$ ,
$\sigma\geq 1$ , :
$||Q_{0}(\phi, \psi)||_{H^{[\sigma-1,-_{2}^{1}]}}\leq C||\phi$ IIHI’ I $||\phi||H^{\mathrm{F}}$” $\mathrm{z}11$ . (2.23)
( , $P(x),$ $p(x)$
$P(x)= \sum_{|\alpha|\leq N}a_{\alpha}x^{\alpha}$
,
$p(x)= \sum_{|\alpha|\leq N}|a_{\alpha}|x^{\alpha}$
(a )
$k$ ,
$||P(\phi_{1}, \cdots, \phi_{k})Q_{0}(\phi, \psi)||_{H^{[\sigma-1,-_{2}^{1}]}}$ (2.24)
$\leq$ $Cp(C||\phi_{1}||_{H^{\mathrm{l}\sigma}’ \mathrm{z}1}1, \cdots, C||\phi_{k}||_{H^{\mathrm{l}\sigma}’ \mathrm{z}1}1)||\phi||_{H^{\mathrm{l}\sigma}’ \mathrm{z}1}1||\phi||_{H^{\mathfrak{l}\sigma}’ \mathrm{z}1}1$ . (2.25)
. , $C$ $\sigma$ .
Lemmas 2.1 and 22, Proposition 2.1 , (2.4) ,
$||f||_{H^{s}(\mathrm{R}^{2})}+||g||_{H^{s-1}(\mathrm{R}^{2})}$
, H[‘, $u$ . , Lemma 23,
Proposition 2.11 ,
$(u(t), \partial u(t))\in C(R : H^{s}(\mathbb{R}^{2}))\cap C^{1}(R:H^{s-1}(\mathbb{R}^{2}))$
, $\text{ }$’ , . ,
$\chi(t)$ , (1.6)-(1.7) $H^{s}\oplus H^{s-1}$
.
, $\chi(t)$ , (2.4) H[$\sigma$,
, Theorem 2.1 . ,
.
3. MAIN ESTIMATES
, Proposition 2.1 .
Theorem 3.1. ([2] Theooem 3) $\sigma\geq 1$ , :
$||\phi\psi||_{H^{\mathrm{l}\sigma}’ 2^{\mathrm{l}}}1\leq C||\phi||_{H^{\mathfrak{l}\sigma}’ \mathrm{z}1}1||\phi||_{H^{\mathrm{l}\sigma}’ 2^{\mathrm{l}}}1$ (3.1)
$||\phi\psi||_{H^{\mathrm{l}\sigma-1,-2^{\mathrm{l}}}}1\leq C||\phi||_{H^{[\sigma-1,-_{2}^{1}]}}||\phi||_{H^{\iota\sigma}’ 2^{\mathrm{l}}}1$ . (3.2)
, $C$ $\sigma$ .
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, $q_{0}(\tau, \xi, \lambda, \eta)=\tau\lambda-\xi\cdot\eta$ ,
$\mathcal{F}_{t,x}[Q_{0}(\varphi, \psi)](\tau, \xi)=\int\int q_{0}(\tau-\lambda, \xi-\eta, \lambda, \eta)\overline{\phi}(\tau-\lambda, \xi-\eta)\tilde{\psi}(\lambda, \eta)d\lambda d\eta$ (3.3)
. ,
$2q_{0}(\tau,\xi, \lambda, \eta)=(\tau+\lambda)^{2}-|\xi+\eta|^{2}-\tau^{2}+|\xi|^{2}-\lambda^{2}+|\eta|^{2}$
$|q_{0}(\tau-\lambda, \xi-\eta, \lambda, \eta)|\leq(w_{+}w_{-})(\tau,\xi)+(w_{+}w_{-})(\tau-\lambda, \xi-\eta)+(w_{+}w_{-})(\lambda, \eta)$
. } , $\Lambda_{\pm}=\mathcal{F}_{t,x}^{-1}(w_{\pm}(\tau, \xi))\mathcal{F}_{t,x}$ ,
$||Q_{0}(\phi, \psi)||_{H2}[\sigma-1.-^{1}\mathrm{I}\leq||\phi\psi||_{H2}1^{1}\sigma,]+||(\Lambda_{+}\Lambda_{\phi})\psi||_{H^{]\sigma-1,-}}$ $+||\phi(\Lambda_{+}\Lambda_{\psi})||_{H^{\mathrm{l}\sigma-1.-_{2}^{1}1}}$
. , (2.23) (3.1) (3.2) . , (2.24) , (3.2)
$P(\phi_{1}, \cdots, \phi_{k})$ (3.1) . , Proposition
2.1 Theorem 3.1 .
4. THEOREM 3.1
(3.2) (3.1) , (3.1)
. , , $\varphi\in S(\mathbb{R}^{3})$
:
$\iint(\phi\psi)(t, x)\overline{\varphi(t,x)}dtdx|\leq C||\phi||_{H^{[\sigma.:]}}||\psi||_{H^{[\sigma_{2}^{1}]}}.||\varphi||_{(H^{\mathrm{l}\sigma.\int 1_{)}}}$ , (4.1)
, (4.1)
$(2 \pi)^{3}\int\int \mathcal{F}_{t,x}[\phi\psi](\tau, \xi)\overline{\mathcal{F}_{t,x}[\varphi](\tau,\xi)}d\tau d\xi$
$=$ $(2 \pi)^{3}\int\int\int\int\tilde{\phi}(\tau-\lambda,\xi-\eta)\overline{\psi}(\lambda, \eta)\overline{\overline{\varphi}(\tau,\xi)}d\lambda d\eta d\tau d\xi$
. ,
$f(\tau, \xi)$ $=$
$w_{+}^{[\sigma]}(\tau,\xi)w_{-}^{[\frac{1}{2}1}(\tau,\xi)\tilde{\phi}(\tau,\xi)$,
$g(\lambda, \eta)$ $=$
$w_{+}^{[\sigma]}(\lambda,\eta)w_{-}^{[\frac{1}{2}1}(\lambda,\eta)\tilde{\psi}(\lambda,\eta)$ ,
$h(\tau,\xi)$ $=$
$(w_{+}^{[\sigma]}(\tau, \xi)w_{-}^{1\frac{1}{2}1}(\tau,\xi))^{-1}\tilde{\varphi}(\tau,\xi)$
,
$\iint(\phi\psi)(t, x)\overline{\varphi(t,x)}dtdx$ (4.2)
$=$ $\int\int\int\int K(\tau,\xi, \lambda, \eta)f(\tau-\lambda,\xi-\eta)g(\lambda, \eta)h(\tau,\xi)d\lambda d\eta d\tau d\xi$ ,
$K( \tau, \xi, \lambda,\eta)=\frac{w_{+}^{[\sigma]}(\tau,\xi)w_{-}^{[\frac{1}{2}\mathrm{J}}(\tau,\xi)}{w_{+}^{[\sigma]}(\tau-\lambda,\xi-\eta)w_{-}^{1\frac{1}{2}1}(\tau-\lambda,\xi-\xi)w_{+}^{[\sigma]}(\lambda,\eta)w_{-}^{[\frac{1}{2}]}(\lambda,\eta)}$ (4.3)
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. , (4.2) $||f||_{2}||g||_{2}||h||_{2}$ , (4.1) .
$w_{+}(\lambda, \eta)\leq w_{+}(\tau^{-}-\lambda, \xi-\eta)$
,
$w_{+}(\tau, \xi)\leq Cw_{+}(\tau-\lambda, \xi-\eta)$
. , [2] Lemma 4
$w_{-}(\tau, \xi)\underline{<}w_{-}(\tau-\lambda, \xi-\xi)+w_{-}(\lambda, \eta)+d_{\pm}(\xi, \eta)$, (4.4)
$d(\xi, \eta)=|||\xi-\eta|\pm|\eta||-|\xi||$ (4.5)
. , $d(\xi, \eta)$ $\tau-\lambda$ $\lambda$ $+$
. , :
$K(\tau, \xi, \lambda, \eta)$ $\leq$
$\frac{C}{w_{+}^{[\sigma]}(\lambda,\eta)w_{-}^{[\frac{1}{2}]}(\lambda,\eta)}+\frac{C}{w_{-}^{[\frac{1}{2}]}(\tau-\lambda,\xi-\xi)w_{+}^{[\sigma]}(\lambda,\eta)}$ (4.6)
$+ \frac{Cd_{\pm}^{[\frac{1}{2}]}(\xi,\eta)}{w_{-}^{[\frac{1}{2}]}(\tau-\lambda,\xi-\xi)w_{+}^{[\sigma]}(\lambda,\eta)w_{-}^{[\frac{1}{2}\mathrm{J}}(\lambda,\eta)}$ .
Case 1. $\tau-\lambda$ $\lambda$
$\tau-\lambda\geq 0,$ $\lambda\geq 0$ . , $(\tau, \lambda)$ $(u, v)$
$u=\tau-\lambda-|\xi-\eta|$ , $v=\lambda-|\eta|$
, (4.6)
$K( \tau, \xi, \lambda, \eta)\leq\frac{C}{\langle\eta\rangle^{[\sigma]}\langle v\rangle^{[\frac{1}{2}]}}+\frac{C}{\langle u\rangle^{[\frac{1}{2}\mathrm{J}}\langle\eta\rangle^{[\sigma]}}+\frac{Cd^{[\frac{1}{2}]}(\xi,\eta)}{\langle u\rangle^{[\frac{1}{2}]}\langle\eta\rangle^{[\sigma]}\langle v\rangle^{[\frac{1}{2}]}}$ (4.7)
. ,
$I_{1}$ $=$ $\iiiint\frac{1}{\langle\eta\rangle^{[\sigma]}\langle v\rangle^{[\frac{1}{2}]}}F(u, \xi-\eta)G(v, \eta)|h(\tau, \xi)|dvd\eta dud\xi$ (4.8)
I2 $=$ $\iiiint\frac{1}{\langle u\rangle^{[\frac{1}{2}]}\langle\eta\rangle^{[\sigma]}}F(u, \xi-\eta)G(v, \eta)|h(\tau, \xi)|dvd\eta dud\xi$ (4.9)
I3 $=$ $\iiiint\frac{d^{[\frac{1}{2}]}(\xi,\eta)}{\langle u\rangle^{[\frac{1}{2}\mathrm{J}}\langle\eta\rangle^{[\sigma]}\langle v\rangle^{[\frac{1}{2}]}}F(u, \xi-\eta)G(v, \eta)|h(\tau, \xi)|dvd\eta dud\xi$ (4.10)
. ,
$F(u, \xi)=|f(u+|\xi|, \xi)|$ , $G(v, \eta)=|g(v+|\eta|, \eta)|$ ,
$\tau=\tau(u, v, \xi, \eta)=u+v+|\eta|+|\xi-\eta|$
. $I_{1}$ , I2 .
Lemma 41. $s\geq n/2$
$\int\int\frac{f(x)g(y)h(x+y)}{\langle x\rangle^{[s]}}dxdy\leq C||f||_{L^{2}(\mathrm{R}^{n})}||g||_{L^{2}(\mathrm{R}^{n})}||g||_{L^{2}(1\mathrm{R}^{n})}$ (4.11)
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, $C$ $s,$ $n$ .
Proof- , $x$ , (4.11)
$C \int g(y)(\int|f(x)|^{2}|h(x+y)|^{2}dx)\frac{1}{2}dy$
. , $y$ , (4.11) .
, $(u, v)$ (4.11) , $(\xi, \eta)$ (4.11) ,
$I_{1},$ $I_{2}\leq C||f||_{2}||g||_{2}||h||_{2}$ (4.12)
.
, $I_{3}$ . , $d(\xi,\eta)=||\xi-\eta|+|\eta|-|\xi||\leq 2|\eta|$ ,
$I_{3} \leq C\iiiint\frac{(d(\xi,\eta))^{\frac{1}{2}}}{\langle u\rangle^{[\frac{1}{2}]}\langle\eta\rangle^{\sigma}\langle v\rangle^{[\frac{1}{2}]}}F(u,\xi-\eta)G(v,\eta)|h(\tau,\xi)|dvd\eta dud\xi$ (4.13)
. ,
$J(u, v)= \iint\frac{(d(\xi,\eta))^{\frac{1}{2}}}{|\eta|}F(u, \xi-\eta)G(v, \eta)|h(\tau, \xi)|d\eta d\xi$ (4.14)
,
$I_{3} \leq C\iint\frac{J(u,v)}{\langle u\rangle^{[\frac{1}{2}]}\langle v\rangle^{[\frac{1}{2}]}}$dvdu
. ,
$J(u, v)\leq C||F(u)||_{L^{2}(\mathrm{R}^{2})}||G(v)||_{L^{2}(\mathrm{R}^{2})}||h||_{L^{2}(\mathrm{R}^{3})}$ (4.15)
,
$I_{3}\leq C||F||_{L^{2}(\mathrm{R}^{3})}||G||_{L^{2}(\mathrm{R}^{3})}||h||_{L^{2}(\mathrm{R}^{3})}=C||f||_{2}||g||_{2}||h||_{2}$
.
, (4.15) , $J(u, v)$
$J(u, v)= \int\int\int\frac{||\rho|-|\xi||^{\frac{1}{2}}}{|\eta|}F(u,\xi-\eta)G(v, \eta)|h(u+v+\rho,\xi)|\delta(\rho-|\eta|-|\xi-\eta|)d\eta d\xi d\rho$.
, $(\rho, \xi)$ ,
$J(u, v)$ $\leq$ $||I_{4}||_{L_{\rho.\xi}^{2}}||h||_{2}$ ,
$I_{4}(\rho, \xi)$ $=$ $|| \rho|-|\xi||^{\frac{1}{2}}\int F(u,\xi-\eta)G(v, \eta)\delta(\rho-|\eta|-|\xi-\eta|)\frac{d\eta}{|\eta|}$
, , $\delta(\rho-|\eta|-|\xi-\eta\mapsto d\eta$ ,
$|I_{4}(\rho, \xi)|^{2}$ $\leq$ $|| \rho|-|\xi||I_{5}\int|F(u,\xi-\eta)|^{2}|G(v, \eta)|^{2}\delta(\rho-|\eta|-|\xi-\eta|)d\eta$ , (4.16)
$I_{5}$ $=$ $\int\delta(\rho-|\eta|-|\xi-\eta|)\frac{d\eta}{|\eta|^{2}}$ (4.17)
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. , (4.15) :
$I_{5}\leq C||\rho|-|$ \mbox{\boldmath $\xi$} 1(4.18)
, (4.16), (4.18)
$||I_{4}||_{L_{\rho,\xi}^{2}}^{2}$
$\leq$ $C \int\int\int|F(u, \xi-\eta)|^{2}|G(v, \eta)|^{2}\delta(\rho-|\eta|-|\xi-\eta|)d\eta d\xi d\rho$
$=$ $C \iint|F(u, \xi-\eta)|^{2}|G(v, \eta)|^{2}d\eta d\xi$
$=$ $C||F(u)||_{L^{2}(\mathbb{R}^{2})}^{2}||G(v)||_{L^{2}(\mathrm{R}^{2})}^{2}$
.
, (4.18) . $\eta=r\omega$ , (4.17)
$I_{5}= \int_{|\omega|=1}\int_{0}^{\infty}\delta$ ($\rho-r$ $|\xi-r\omega|$ ) $r^{-1}drd\omega$
. , $r$ $s$ ( $s=r+|\xi-r\omega|$ {
$\frac{ds}{dr}=\frac{s^{2}-|\xi|^{2}}{2r(s-r)}$ , $s\geq|\xi|$
,
$I_{5}$ $=$ 2 $\int_{|\iota v|=1}\int_{|\xi|}^{\infty}\delta(\rho-s)\frac{s-r}{s^{2}-|\xi|^{2}}dsd\omega$
$4 \pi\int_{|\xi|}^{\infty}\delta(\rho-s)\frac{1}{||s|-|\xi||}ds$
, (4.18) .
Case 2. $\tau-\lambda$ $\lambda$
$\tau-\lambda\geq 0,$ $\lambda\leq 0$ . , $(\tau, \lambda)$ $(u, v)$
$u=\tau-\lambda-|\xi-\eta|$ , $v=-\lambda-|\eta|$
, (4.7) , ,
$F(u, \xi)=|f(u+|\xi|, \xi)|$ , $G(v, \eta)=|g(-v-|\eta|, \eta)|$ ,
$\tau=\tau(u, v, \xi, \eta)=u-v-|\eta|+|\xi-\eta|$
, $I_{1}$ , I2, $I_{3}$ . , Lemma 4.1 , (4.12)
. ,
$d(\xi, \eta)=|||\xi-\eta|-|\eta||-|\xi||\leq||\xi-\eta|-|\eta|-|\xi||\leq||\xi-\eta|-|\xi||+|\eta|\leq 2|\eta|$
, (4.13) . , (4.15) , $I_{3}$
.
, $d(\xi)\eta)=|||\xi-\eta|-|\eta||-|\xi||$ , (4.14) $J(u, v)$
$J(u, v)= \int\int\int\frac{||\rho|-|\xi||^{\frac{1}{2}}}{|\eta|}F(u, \xi-\eta)G(v, \eta)|h(u-v+\rho, \xi)|\delta(\rho+|\eta|-|\xi-\eta|)d\eta d\xi d\rho$.
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. , $(\rho,\xi)$ ,
$J(u, v)$ $\leq$ $||I_{6}||_{L_{\rho,\xi}^{2}}||h||_{2}$ ,
$I_{6}(\rho, \xi)$ $=$ $|| \rho|-|\xi||^{\frac{1}{2}}\int F(u,\xi-\eta)G(v, \eta)\delta(\rho-|\eta|-|\xi-\eta|)\frac{d\eta}{|\eta|}$
, (4.15)
$||I_{6}||_{L_{\rho.\xi}^{2}}\leq C||F(u)||_{L^{2}(\mathrm{R}^{2})}||G(v)||_{L^{2}(\mathrm{R}^{2})}$ (4.19)
. (4.19) , $I_{6}$ :
$I_{6}(\rho, \xi)$ $=$ $||\rho|-|\xi||^{\frac{1}{2}}(A+B)$ , (4.20)
$A$ $=$ $\int_{|\eta|\leq 2|\xi|}F(u,\xi-\eta)G(v,\eta)\delta(\rho+|\eta|-|\xi-\eta|)\frac{d\eta}{|\eta|}$ , (4.21)
$B$ $=$ $\int_{|\eta\int\geq 2|\xi|}F(u,\xi-\eta)G(v,\eta)\delta(\rho+|\eta|-|\xi-\eta|)\frac{d\eta}{|\eta|}$ . (4.22)
, $A$ . Case 1 ,
$I_{7}:= \int\delta(\rho+|\eta|-|\xi-\eta|)\frac{d\eta}{|\eta|^{2}}\leq C||\rho|-|\xi||^{-1}$ (4.23)
,
$||(||\rho|-|\xi||^{\frac{1}{2}})A||_{L_{\rho.\xi}^{2}}\leq C||F(u)||_{L^{2}(\mathrm{R}^{2})}||G(v)||_{L^{2}(\mathrm{R}^{2})}$ (4.24)
. , $\eta=r\omega$
$I_{7}= \int_{|\omega|=1}\int_{0}^{2|\xi|}\delta(\rho+r-|\xi-r\omega|)r^{-1}dr\$’
. , $|\xi-r\omega|-r\geq|\xi|$ . $r$ $s$ $s=|\xi-r\omega|-r$
$\frac{ds}{dr}=\frac{s^{2}-|\xi|^{2}}{2r(s+r)}$ , $s\geq|\xi|$ , $r\leq 2|\xi|$
,
$I_{7}$ $=$ 2 $\int_{|\omega|=1}\int_{|\xi|}^{\infty}\delta(\rho-s)\frac{s+r}{s^{2}-|\xi|^{2}}dsM$
$\leq$ $8 \pi\int_{|\xi|}^{\infty}\delta(\rho-s)\frac{1}{||s|-|\xi||}ds$
, (4.23) . , $|\xi-r\omega|-r\leq|\xi|$ , $r$ $s$ $s=r-|\xi-r\omega|$
$\frac{ds}{dr}=\frac{|\xi|^{2}-s^{2}}{2r(r-s)}$ , $-|\xi|\leq s\leq|\xi|$ , $r\leq 2|\xi|$
28
$I_{7}$ $=$ 2 $\int_{|\omega|=1}\int_{|\xi|}^{\infty}\delta(\rho+s)\frac{r-s}{|\xi|^{2}-s^{2}}dsd\omega$
$8 \pi\int_{|\xi|}^{\infty}\delta(\rho+s)\frac{1}{||s|-|\xi||}ds$
, (4.23) .
, $B$ . $B$ $|\eta|$ $|\xi-\eta|$ ,
$I= \int\frac{|F(u,\xi-\eta)||G(v,\eta)|}{|\eta|^{\frac{1}{2}}|\xi-\eta|^{\frac{1}{2}}}\delta(\rho+|\eta|-|\xi-\eta|)d\eta$ (4.25)
, $|B|\leq CI$ . ,
$||(||\rho|-|\xi||^{\frac{1}{2}})I||_{L_{\rho,\xi}^{2}}\leq C||F(u)||_{L^{2}(\mathrm{R}^{2})}||G(v)||_{L^{2}(\mathbb{R}^{2})}$ (4.26)
, (4.24) (4.19) .
, (4.26) . , $F,$ $G$ $u,$ $v$
. ,
$|I|^{2}= \prod_{j=1}^{2}\int\frac{|F(\xi-\eta_{j})||G(\eta_{j})|}{|\eta_{j}|^{\frac{1}{2}}|\xi-\eta_{j}|^{\frac{1}{2}}}\delta(\rho+|\eta_{j}|-|\xi-\eta_{j}|)d\eta_{j}$
,
$||(||\rho|-|\xi||^{\frac{1}{2}})I||_{L_{\rho,\xi}^{2}}^{2}$ $\leq$ $\int\int\int|||\eta_{1}|-|\xi-\eta_{1}||-|\xi||\delta(-|\eta_{1}|+|\xi-\eta_{1}|+|\eta_{2}|-|\xi-\eta_{2}|)$
$\cross\frac{|F(\xi-\eta_{1})||G(\eta_{1})||F(\xi-\eta_{2})||G(\eta_{2})|}{|\eta_{1}|^{\frac{1}{2}}|\xi-\eta_{1}|^{\frac{1}{2}}|\eta_{2}|^{\frac{1}{2}}|\xi-\eta_{2}|^{\frac{1}{2}}}d\eta_{1}d\eta_{2}d\xi$
. , $(\xi, \eta_{1}, \eta_{2})$ $(\xi’, \eta_{1}’, \eta_{2}’)$
$\xi’--\xi-\eta_{1}-\eta_{2}$ , $\eta_{1}’=-\eta_{2}$ , $\eta_{2}’=-\eta_{1}$
,
$\xi=\xi’-\eta_{1}’-\eta_{2}’$ , $\xi-\eta_{j}=\xi’-\eta_{j}’$ $(j=1,2)$
,
$||(||\rho|-|\xi||^{\frac{1}{2}})I||_{L_{\rho,\xi}^{2}}^{2}$
$\leq$ $\int\int\int|||\eta_{2}’|-|\xi’-\eta_{1}’||-|\xi’-\eta_{1}’-\eta_{2}’||\delta(-|\eta_{2}’|+|\xi’-\eta_{1}’|+|\eta_{1}’|-|\xi’-\eta_{2}’|)$
$\cross,\frac{|F(\xi’-\eta_{1}’)||G(-\eta_{2}’)||F(\xi’-\eta_{2}’)||G(-\eta_{1}’)|}{|\eta_{2}’|^{\frac{1}{2}}|\xi-\eta_{1}|^{\frac{1}{2}}|\eta \mathrm{i}|^{\frac{1}{2}}|\xi’-\eta_{2}’|^{\frac{1}{2}}},d\eta_{1}’d\eta_{2}’d\xi’$
. , , .
29
, $\delta(-|\eta_{2}|+|\xi-\eta_{1}|+|\eta_{1}|-|\xi-\eta_{2}|)d\eta_{1}d\eta_{2}d\xi$
,
$( \int\int\int|||\eta_{2}|-|\xi-\eta_{1}||-|\xi-\eta_{1}-\eta_{2}||\delta(-|\eta_{2}|+|\xi-\eta_{1}|+|\eta_{1}|-|\xi-\eta_{2}|)$
$\cross\frac{|F(\xi-\eta_{1})|^{2}|G(-\eta_{1})|^{2}}{|\eta_{2}||\xi-\eta_{2}|}d\eta_{1}d\eta_{2}\not\in)^{\frac{1}{2}}$
$\cross(\int\int\int|||\eta_{2}|-|\xi-\eta_{1}||-|\xi-\eta_{1}-\eta_{2}||\delta(-|\eta_{2}|+|\xi-\eta_{1}|+|\eta_{1}|-|\xi-\eta_{2}|)$
$\cross\frac{|F(\xi-\eta_{2})|^{2}|G(-\eta_{2})|^{2}}{|\eta_{1}||\xi-\eta_{1}|}d\eta_{1}d\eta_{2}d\xi)^{\frac{1}{2}}$
. ,
$\int\frac{|||\eta_{2}|-|\xi-\eta_{1}||-|\xi-\eta_{1}-\eta_{2}||}{|\eta_{2}||\xi-\eta_{2}|}\delta(|\xi-\eta_{1}|+|\eta_{1}|-|\eta_{2}|-|\xi-\eta_{2}|)d\eta_{2}$
$\int\frac{|||\eta_{2}|-|\xi-\eta_{1}||-|\xi-\eta_{1}-\eta_{2}||}{|\eta_{1}||\xi-\eta_{1}|}\delta(|\xi-\eta_{2}|+|\eta_{2}|-|\eta_{1}|-|\xi-\eta_{1}|)d\eta_{1}$
$=$ $\int\frac{|||\eta_{2}|-|\eta||-|\eta-\eta_{2}||}{|\xi-\eta||\eta|}\delta(|\xi-\eta_{2}|+|\eta_{2}|-|\xi-\eta \mathrm{H}\eta|)\ovalbox{\tt\small REJECT}$
, (4.26) . , (4.26) ,
.
Lemma 42. ([2] Lemma 3) $\xi,$ $\eta_{0}\in \mathbb{R}^{2}$ ,
$\int\frac{|\eta_{0}-\eta|-||\eta|-|\eta_{0}||}{|\eta||\xi-\eta|}\delta(|\xi-\eta_{0}|+|\eta_{0}|-|\eta|-|\xi-\eta|)d\eta$ (4.27)
$\ovalbox{\tt\small REJECT}-\mathrm{k}$ .
Lemma 42 Lemma $4.\cdot 3$ .
Lemma 4.3. ([2] Lemma 1) $\xi\in \mathbb{R}^{2}$ , $\eta_{1},$ $\eta_{2}\in \mathbb{R}^{2}$
$|\xi-\eta_{1}|+|\eta_{1}|=|\xi-\eta_{2}|+|\eta_{2}|=:\tau$
. ,
$|\eta_{1}-\eta_{2}|-||\eta_{1}|-|\eta_{2}||\leq C(\tau^{2}-|\xi|^{2})^{\frac{1}{2}}$
.
Lemma 4.3 , Lemma 42 . , $\tau=|\xi-\eta_{0}|+|\eta_{0}|$
, (4.27)
$C( \tau^{2}-|\xi|^{2})^{\frac{1}{2}}\int\frac{1}{|\eta||\xi-\eta|}\delta(\tau-|\eta|-|\xi-\eta|)\ovalbox{\tt\small REJECT}$
30
. , $\eta=r\omega$ ,
$\int_{|\omega|=1}\int_{0}^{\infty}\frac{1}{|\xi-r\omega|}\delta(\tau-r-|\xi-r\omega\mapsto drd$
. , $r$ $s$ $s=r+|\xi-r\omega|$
2 $\int_{|\omega|=1}\int_{|\xi|}^{\infty}\delta(\tau-s)\frac{r}{s^{2}-|\xi|^{2}}dsd\omega$ $\leq$ $4 \pi\int_{|\xi|}^{\infty}\delta(\tau-s)\frac{1}{|s|+|\xi|}ds$
$\leq$ $C(|\tau|+|\xi|)^{-1}$
, Lemma 42 . , (3.2) ${ }$ .
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